Toll-like receptors (TLRs) are involved in the induction of an adequate immune response on infection. We hypothesized that genetic variation in TLR4 and TLR2 genes could influence this response and lead to variability in cytokine production and survival. We tested this hypothesis in 4292 participants who were followed up for all-cause mortality for 6 years and live under adverse environmental conditions in the Upper-East region of Ghana, where malaria is endemic. In 605 participants, tumor necrosis factor-a and interleukin-10 (IL10) production, after stimulation with lipopolysaccharide and zymosan, was measured. In addition, 34 single-nucleotide polymorphisms (SNPs) in TLR4 and 12 SNPs in TLR2 were genotyped and tested for association with cytokine production, malaria infection and mortality. In this comprehensive gene-wide approach, we identified novel SNPs in the TLR4 gene that influence cytokine production. From the analyzed SNPs, rs7860896 associated the strongest with IL10 production (P¼0.0005). None of the SNPs in this study associated with malaria or overall mortality risks.
INTRODUCTION
Pathogen recognition receptors are of crucial importance for survival in an environment with high infectious pressure. Toll-like receptor 4 (TLR4) and TLR2 are evolutionarily conserved pathogen recognition receptors 1 that mediate the NF-kB pathway, which results in an induction of an immune response downstream. TLR4 is mainly involved in the recognition of Gram-negative bacteria by lipopolysaccharide (LPS), 2 and also pathogen-associated molecular patterns from mycobacteria, Plasmodium, 3 or viruses. 4 On the other hand, TLR2 is involved in the recognition of Gram-positive bacteria, mycobacteria, 5 viruses, fungi and parasites. 4 Both TLRs belong to the first line of defense and are essential for the induction of an adequate innate immune response on infection. To date, several studies have associated genetic variation in TLR4 and TLR2 genes with multiple immune-mediated diseases, 6 suggesting that they influence immune responses on infections and consequently survival probabilities.
Over the years, several polymorphisms in TLR genes that influence endotoxin responsiveness 7, 8 and susceptibility to disease have been identified. 6 In TLR4, the most extensively studied genetic variants are Asp299Gly and Thr399Ile, which have been associated with LPS hyporesponsiveness 7 and pathogenesis of malaria, 3 Gram-negative sepsis, 9 and atherosclerosis. 10 Asp299Gly is more frequent in Africa, whereas in co-segregation with Thr399Ile, it was found to be more frequent in Europe. 11 Furthermore, in the TLR2 gene, genetic variation was associated with a poor cell-mediated immune response in patients with the lepromatous form of leprosy. 12, 13 The studied variants represent only a small fraction of the genetic variation present in TLR4 and TLR2 genes. To date, no systematic evaluation of common variants in these genes on induction of innate immune responses and survival has been conducted.
In this study, we undertook a comprehensive gene-wide association analysis of genetic variation in TLR4 and TLR2 genes, in relation to cytokine production induced by respective endotoxins, Plasmodium falciparum susceptibility and survival. The study was carried out in a large contemporary rural population in the Upper-East region of Ghana living under adverse environmental conditions characterized by high infectious pressure.
MATERIALS AND METHODS

Study population
This study was conducted in a rural area in Garu-Tempane district in the Upper-East region of Ghana. The area is poor and mortality rates are high, with the main causes of death being malaria, diarrhea and poor nutrition. 14, 15 Inhabitants belong to different ethnic groups such as Bimoba, Fulani, Busanga, Kusasi and Maprusi. Surveys on demographics were held annually from June to August, starting from 2002, 16 in which population information including births, deaths and migration was updated. Each year, mouth swabs for DNA analyses were obtained from a subset of adults and newborns. In 2006, a series of whole-blood assays were carried out on a subset of the population, consisting of women of all ages, children and elderly. In 2008, venous blood samples were collected using EDTA-containing vials from a different but similar subset of the population to test for P. falciparum DNA. Subsets were chosen randomly from the total study population, representing all age categories. The population was followed up for survival until 2008. All procedures in this study have been approved by the Leiden University Medical Center, by the district health officers of the Upper-East Region and by the Medical Ethical Committee of the Ghanaian Ministry of Health. Informed consent was obtained from all participants by oral translation of the research purposes and procedures into the local language. As illiteracy rates were high, thumbprints were given for approval.
Whole-blood and cytokine assays
Whole-blood assays were performed as described elsewhere. 17, 18 In brief, 4 ml venous blood was collected in the morning in a sterile endotoxin-free lithium heparin tube (Greiner BioOne GmbH, Kremsmünster, Austria) and was suspended at a dilution of 1:1 with RPMI 1640 medium supplemented with 25 mM of Hepes buffer and L-glutamine (Gibco, Breda, The Netherlands) containing 10 000 IU/ml penicillin and 10 000 mg/ml streptomycin (cat. no. 15140-122, Invitrogen, Breda, The Netherlands). Blood was incubated with 10 mg/ml Escherichia coli LPS (a TLR4 ligand 2 ) (0111:B4 L2630, phenol extracted, Sigma-Aldrich, Zwijndrecht, The Netherlands) and 100 mg/ml Saccharomyces cerevisiea zymosan A (a TLR2 ligand 19 ) (cat. no. Z4250, Sigma, Schnelldorf, Germany). Cytokine-enriched supernatants were obtained by culturing cells for 24 h at 37 1C in a humidified atmosphere containing CO 2 . To create the right atmosphere for incubation, the cell culture plates were placed in a tightly closed plastic container with drops of water and a burning candle inside. 20 Pretesting of this method in five staff members in Ghana and Dutch study sites revealed a high correlation of TNFa and IL10 production after the candle method and the original method, in which an incubator is set at 5% CO 2 (data not shown). After incubating, the solutions were centrifuged. Frozen supernatants were transported on dry ice to the Netherlands for further analysis.
TNFa and IL10 cytokine concentrations were measured in the Netherlands with ELISA kits (PeliKine Compact Sanquin Reagents, Amsterdam, The Netherlands), according to the manufacturer's guidelines. Each sample was assessed in duplicate.
SNP selection and genotyping
SNPs from the TLR4 (chr9: 117,538,161-117,566,709) and TLR2 (chr4: 154,956,754-154,994,131) gene regions were selected from the HapMap database release #21 (http://www.hapmap.org) using the Yoruba in Ibadan, Nigeria (Yoruba) data. The Haploview's program Tagger 21 was used to derive a set of tag SNPs from the whole-gene region, such that each common SNP (Z5%) in that set had a value of r 2 Z0.8. Besides the SNPs obtained through this approach, polymorphisms that were shown to be functional and/or were associated with a phenotype in any population were included. All SNPs were genotyped using mass spectrometry (Sequenom Inc., San Diego, CA, USA), according to the manufacturer's instructions. In total, 34 SNPs in TLR4 and 12 SNPs in TLR2 genes were genotyped successfully.
P. falciparum PCR
Specific P. falciparum DNA was detected in a multiplex real-time PCR format as described before, 22, 23 with some modifications. The assay was designed for the detection of all four human Plasmodium species, including the amplification and detection of a nonrelated DNA internal control. DNA isolation and setup of PCRs were performed using a custom-made Hamilton robot platform. DNA was isolated from 200 ml blood with QIAamp DNA-easy 96-well plates (Qiagen, Venlo, The Netherlands), according to the manufacturer's recommendations. Plasmodium-specific primers and Plasmodium species-specific minor groove binding TaqMan probes (Applied Biosystems, Foster City, CA, USA) based on an SSU RNA gene target were used to amplify and detect Plasmodium speciesspecific products of B150 bp. 22, 23 Amplification consisted of 15 min at 951C, followed by 50 cycles of 15 s at 951C, 30 s at 601C and 30 s at 721C. Negative and positive control samples were included in each amplification run. Amplification, detection and analysis were performed using the CFX real-time detection system (Bio-Rad Laboratories, Veenendaal, The Netherlands). The cycle threshold (C t ) value for the P. falciparum-specific fluorescent label was used as output, reflecting the parasite-specific DNA load.
Statistical analyses
The program Haploview 24 was used to estimate allele frequencies and to estimate pair-wise linkage disequilibrium (LD). The program PLINK 25 (Center for Human Genetic Research, Massachusetts General Hospital, Boston, MA, USA) was used to test for Hardy-Weinberg equilibrium. Haplotypes and haplotype frequencies were calculated using the program Phase. 26 In all haplotype analyses, the posterior probabilities of pairs of haplotypes per participant, as estimated by Phase, were used as weights. As the TNFa and IL10 levels were nonnormally distributed, z-scores were calculated on log-transformed data. The association between cytokine production P. falciparum C t value and SNPs or haplotypes was analyzed using linear regression. Logistic regression was used for analyses of malaria positivity and Cox proportional hazards model for calculating mortality risks. All analyses were adjusted for possible confounders such as age, sex and tribe. Additional confounder in this population is compound wealth, as it has been shown to affect mortality, 15 and possibly disease pathogen exposure. In all analyses, an additive model was used, assuming a linear association of each additional SNP allele with the outcome. All analyses were performed with STATA version 9 (StataCorp LP, College Station, TX, USA) statistical software. Table 1 provides the characteristics of the study population. From the total population, DNA was available from 4292 participants. In the TLR4 and TLR2 genes, 34 SNPs and 12 SNPs, respectively, were genotyped ( Figure 1a ; Supplementary Tables 1, 2). All SNPs were in Hardy-Weinberg equilibrium in newborns, except the rs3804099 SNP in the TLR2 gene (P-value¼0.035). Minor allele frequencies of SNPs ranged from 0.005 to 0.471. The Thr399Ile variant was very rare in this population (minor allele frequency¼0.012). This was in accordance with another African population (Yoruba in HapMap). TLR4
RESULTS
Cytokine levels were measured ex vivo in 605 participants after stimulation with LPS (a ligand for TLR4) and zymosan (a ligand for TLR2). Association analyses between SNPs in the TLR4 and TLR2 genes showed genetic variants at the 3¢-UTR of the TLR4 gene that significantly associate with LPS-induced IL10 production (Figure 1b,  Supplementary Table 3 ). In particular, SNP rs7860896 was highly associated with IL10 production (P¼0.0005). For the TLR4 (Asp299Gly and Thr399Ile) variants that have been reported earlier in the literature, no associations with ex vivo-stimulated cytokine production were observed. In the TLR2 gene, only the rs2289318 SNP associated with cytokine production. Carriers of this variant produce less TNFa than do noncarriers (P¼0.026).
As the SNPs at the 3¢ end of the TLR4 gene are in LD (Figure 1a ), we estimated haplotypes (SNPs ranging from rs1927906 to rs7045953) and tested their association with cytokine production. When compared with haplotype 1, which is the most frequent (0.396) and carries no variant alleles, h2, h3 and h6 haplotypes were significantly associated with increased IL10 production. Furthermore, haplotype h6 was also associated with increased TNFa production ( Table 2) . None of these haplotypes were in strong LD with variants Asp299Gly and Thr399Ile (R 2 ¼0.026). Haplotypes were also estimated for the TLR2 gene. However, analyses with TLR2 haplotypes revealed no associations with cytokine production (Table 2, Supplementary  Table 4) .
We next tested whether haplotypes in TLR4 and TLR2 genes influence susceptibility to malaria and survival. In TLR4, we found that haplotype h3 associated with a lower C t value for malaria, indicating a higher load of malaria parasites. Carriers of this haplotype did not have a higher prevalence of malaria. In TLR2, we found no significant associations with P. falciparum load or prevalence (Table 3,  Supplementary Tables 5, 6 ). During the 6 years of follow-up, 292 (6.8%) participants died, of whom 77 (8.0%) were children younger than 5 years of age. None of the haplotypes in TLR4 or TLR2 were significantly associated with all-cause mortality (Table 3,  Supplementary Tables 7 and 8 ).
DISCUSSION
In this study, we tested whether genetic variation in TLR4 and TLR2 genes influences innate immune responses, susceptibility to malaria and survival in a population living under high infectious pressure. The comprehensive gene-wide association approach revealed novel genetic variants at the 3¢ end of the TLR4 gene that contributed to higher IL10 production. Similar associations were observed for three different TLR4 haplotypes. One haplotype in TLR4 was associated with malaria TLR4 and TLR2 SNPs, cytokines, malaria and survival L May et al susceptibility. However, none of the SNPs or haplotypes influenced all-cause mortality risks in this population. Similarly, we found no associations with cytokine production, malaria susceptibility or mortality with TLR2 SNPs, nor with the most commonly studied variants, Asp299Gly and Thr399Ile SNPs, in the TLR4 gene. These variants were very rare in our study population (MAFs: 0.075 and 0.012, respectively), as in other African populations. Moreover, these variants were not in LD with the haplotypes that associated with cytokine production. From all analyzed SNPs, rs7860896 showed the strongest association with IL10 production, suggesting a functional relevance. It is interesting that rs7860896 has a very high frequency in African (46%) population compared with Caucasian (6%) or Asian (1%) populations (dbSNP data). As TLR4 and TLR2 are involved in the initiation of the immune response to a broad spectrum of pathogens, it has been proposed that local evolutionary pressures by infections may have led to differences in TLR4 polymorphisms in various populations. 11 Using a tagging SNP approach, we identified a genetic variation located in the 3¢-UTR region of the TLR4 gene that associated with cytokine production. The majority of genetic variants in the TLR4 gene are located in the extracellular domain, which is required for pathogen recognition, rather than in the cytoplasmic domain, 27 which is required for anchoring and the induction of further pathways downstream via MyD88 or TRIF. 28 As there were no genes near the 3¢-UTR of the TLR4 gene, or in LD with any functional variant in the extracellular domain, our results might be an indication of functional variation present in the 3¢-UTR region itself. As this region is a noncoding region, further research has to reveal whether this might be a binding site for miRNA, 29 regulating expression at a posttranscriptional level.
A higher anti-inflammatory response has previously been shown to be associated with susceptibility to meningococcal disease. 30 On the other hand, anti-inflammatory responses are also suggested to be protective against further stages of diseases, in which downregulation of an excessive proinflammatory response is crucial for survival. 31 This might also explain the contradictory findings that were reported with regard to TLR4 polymorphisms. For example, the Asp299Gly variant in the TLR4 gene was associated with higher TNFa production and protection against malaria infection, 11 and also with susceptibility to severe malaria, 3 resistance to infection with Gram-negative bacteria such as Legionella 32 and with further progression of Gram-negative infections as observed in sepsis. 9, 33 This suggests that the reported TLR4 variants provide protection on initial infection, but in the long term, may instead contribute to a lack in downregulatory capacity. Nevertheless, this might explain our negative findings with regard to malaria susceptibility and survival in this population. Moreover, as Abbreviations: HR, hazard ratio; OR, odds ratio; SE, standard error. Linear, logistic and Cox regression were adjusted for age, sex, compound wealth and tribe. The estimate of cytokine production is expressed as z-scores with SE, which indicate the increase in cytokine production per copy of the haplotype.
TLR4 and TLR2 SNPs, cytokines, malaria and survival L May et al malaria prevalence is very high in this population and TLRs solely serve as recognition and induction of immune responses, we assume that TLRs are not the main determinant of the outcome of infection. Over evolutionary history, malaria has had a significant impact on the human genome. 31 Another aspect besides infectious pressure with evolutionary consequences is the influence of the host immune response on fertility and abortion. There is vast literature indicating that proinflammatory immune responses might have beneficial consequences for survival, but might be detrimental for reproduction. 34 Therefore, we expect that, with regard to TLR polymorphisms as well, selection will be balanced. Knowing cause-specific mortality in the study population would provide more insight into this mechanism. Unfortunately, collecting information on the cause of mortality and on disease history deemed impossible in this rural research population.
The strengths of this study include the high number of genotyped polymorphisms, which were selected to cover the effects of most of the genetic variation present in both genes. However, the large number of SNPs analyzed is also a limitation, as considering the number of tests performed, adjustment for multiple testing would eliminate many of the statistically significant associations observed. A limitation of the study is the lack of data on other infectious diseases and on specific mortality causes. Furthermore, we could not identify associations of TLR2 polymorphisms and cytokine production. As zymosan was used in this assay, which is known to induce, besides TLR2, Dectin-1, we consider this stimulation to be not as pure as that with other particles that induce TLR2 only. By using zymosan, additional stimulation besides TLR2 might have introduced noise. This might be an explanation that we could not identify clear associations of TLR2 SNPs and cytokine production. In this publication, we have used a single amount of 10 mg/ml LPS for TLR4 stimulation. We acknowledge that, given the inconsistency of TLR agonist doses used in relation to cytokine production in various publications, in further research, sensitivity as well as maximum capacity in association with polymorphisms might be better addressed using various doses of an agonist. Moreover, in further research, various cytokines other than IL10 and TNFa might give additional value.
In conclusion, we showed for the first time that genetic variation in the 3¢-UTR region of the TLR4 gene is associated with cytokine production. Although this variation is likely to influence disease susceptibility in rural Ghana, we did not observe associations with malaria or mortality risks.
